To investigate the mechanism of synovial pannus formation in rheumatoid arthritis, immunohistochemical and immunoelectron microscopic studies with monoclonal antibodies against the adhesion molecules, CD54 (ICAM-1), CD1 la (LFA-1), CDw49a (VLA-1), CDw49b (VLA-2), CDw49c (VLA-3), Cdw49d (VLA-4) and CDw49e (VLA-5), were carried out to determine the pattern of distribution of these molecules at the rheumatoid synovial cartilage junction. Treatment with anti-ICAM-I resulted in membrane staining of most of the macrophages and fibroblasts infiltrating the synovial tissue and bordering the pannus-cartilage junction, suggesting the possibility that ICAM-1 may function to facilitate the adhesion of synovial type A cells bearing ICAM-1 to type B cells of the pannus. ICAM-1-positive macrophages and fibroblasts were often found to he in contact with lymphoid cells, suggesting also that a cellular immune reaction occurs in the formation of the pannus. In addition, VLA-3, VLA-4 and, particularly, VLA-5 were the predominant/31 integrins expressed by rheumatoid synovial pannus. Since these three integrins all function as fibronectin receptors, it is possible that the fibronectin-rich environment of the rheumatoid cartilage surface effectively traps pannus cells expressing high levels of these molecules. The VLA-5 molecule was found in a pericellular and interterritorial matrix distribution in the present study, strongly suggesting that a recepNo benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article H. Ishikawa ([]). S. Hirata Faculty of Health Science, Kobe University School of Medicine, 7-chome, Tomogaoka, Suma-ku, Kobe, 654-01, Japan Y. Andoh Department of Orthopaedic Surgery, Ishikawa Hospital, Himeji, Japan H. Kubo • N. Nakagawa • Y. Nishibayashi Department of Orthopaedic Surgery, Kakogawa National Hospital, Kakogawa, Japan K. Mizuno Department of Orthopaedic Surgery, Kobe University School of Medicine, Kobe, Japan tor-ligand interaction between VLA-5 and cartilage matrix may occur at the early stage of pannus formation. Furthermore, an increase in/31 integrin may be necessary for the growth of the pannus and also for the upregulation of the VLA molecules, leading secondarily to increased attachment.
Introduction
In rheumatoid arthritis, proliferating synovial cells penetrate the cartilage in the form of a pannus, and cartilage destruction takes place in the zone of contact between the cells and the cartilage. The cellular origin of rheumatoid pannus has been debated by many investigators on the basis of the histological analysis of pannus specimens from patients with rheumatoid arthritis [1] [2] [3] [4] [5] [6] [7] [8] . It is generally accepted that fibroblast proliferation, endothelial cell proliferation and monocyte chemotaxis are involved. In response to as yet unknown autocoids, in addition to the presence of immune complexes in the superficial cartilage [9] , the proliferating synovial tissue penetrates and degrades the cartilage. The mechanisms responsible for pannus formation are not fully understood, but there is general agreement as to the role of the pannus, growing over the cartilage surface and invading the cartilage matrix [4] [5] [6] .
Although a recent study has shown that the panus components are derived from cartilage [8] , the origin of pannus has been the subject of much debate. However, it is clear that behind the invasive front of the pannus there are foci of helper T cells, immunoglobulin-bearing cells and HLA-DR-expressing cells that generate an immune response and the proliferative reaction that evolves from it [4] [5] [6] [7] [8] [9] [10] .
In a previous study, the authors have demonstrated that recombinant human interleukin-1 (IL-1) stimulates monocyte and synovial cell attachment to rheumatoid cartilage in vitro [11] . In this study, large numbers of monocytes from healthy individuals and cultured synovial cells were observed to attach to the rheumatoid articular surface in the presence of IL-1, suggesting that IL-1 generated by adherent monocytes and synovial cells may increase the binding of these cells to cartilage matrix protein. Furthermore, the cells attached to the cartilage surface strongly express intercellular adhesion molecule-1 (ICAM-1)and VLA-5 [12] . Recent studies have demonstrated that adhesion molecules of the ]31 subfamily of the integrin supergene family, forming the VLA group of receptors present on nucleated haematopoietic cells, can bind to collagen, fibronectin and laminin ligands of the connective tissue matrix [13] [14] [15] . The integrin superfamily includes receptors involved in cell-to-cell adhesive interactions, as well as in interactions with extracellular matrix components [13] [14] [15] [16] [17] . Furthermore, we have recently shown that the increased expression of CDw49e (VLA-5)and CD54 (ICAM-1) at the cartilage-pannus junction may result from the interaction of synovial mononuclear cells with matrix protein [3, 12, 18] . The results obtained in the latter studies have supported the roles of adhesion molecules in pannus formation and attachment to cartilage. In the present study, an immunohistochemical and immunoelectron microscopic investigation using immunoperoxidase staining methods was carried out to determine more precisely whether adhesion molecules and ligands expressed on pannus and cartilage play a role in this process.
Materials and methods
Twenty-eight samples of rheumatoid articular cartilage covered with pannus from 28 patients were obtained during synovectomy or joint replacement surgery. All patients were considered to have moderate to severe active synovitis at the time of surgery. Characteristics of rheumatoid patients from whom pannus tissue was obtained are shown in Table 1 . All patients were rheumatoid factor seropositive and fulfilled the ACR 1987 diagnostic criteria for rheumatoid arthritis. Several samples of pannus-cartilage junction from the same patients were selected to contain active pannus on the basis of naked eye examination, and this was confirmed by light microscopy using haematoxylin and eosin staining. Fibrous pannus was discarded on the basis of lack of cellularity. Each specimen was treated immediately after collection.
Purified anti-human monoclonal antibodies denoted CDw49a (~lfll, VLA-1), CDw49b (a'2fll, VLA-2) and CDw49c (a3fll, VLA-3) were obtained from T cell Diagnostic Inc. (Cambridge, Mass.), and CDw49d (a4131, VLA-4) and CDw49e (a5/~l, VLA-5) were obtained from Immunotech (Marseilles, Cedex, France). All of these monoclonal antibodies had similar specific avidities for their antigens. Purified anti-human monoclonal antibodies denoted CD54 (ICAM-1) and CD1 la (LFA-1) were also obtained from Immunotech. Purified mouse IgG was obtained from Cappel Laboratories (Cochranville, Pa.). Avidin biotinylated peroxidase (ABC-kit) was obtained from Vector Laboratories (Burlingame, Calif.), and 3-3'-diaminobenzidine was purchased from Sigma Chemical Co. (St. Louis, Mo.). Frozen sections, about 4-to 6-gm thick, were cut on a cryostat (Bright, Huntington, England) at -20 °C, and mounted on gelatin and egg albumin coated slides. After drying at room temperature, the sections were Washed with phosphate-buffered saline (PBS). Normal goat serum, diluted 1:200, was applied to the sections for 20 min. After washing, they were incubated with 100-200 gl of diluted monoclonal antibody for 60 min. After washing with PBS, biotinylated peroxidase conjugated goat anti-mouse IgG antibody (BectonDickinson Monoclonal Center, Mountainview, Calif.) was added, and this was followed by an avidin peroxidase complex. The tissue was then incubated with 3 mg of 3-3'-diaminobenzidine in 10 ml of Tris HCI buffer, pH 7.5, for 10 min. The specimens were then washed in PBS and dried at room temperature. The sections were stained with haematoxylin for background and nuclear staining of the cells. For electron microscopic examination, the sections were fixed with 1% osmium tetroxide (OsO4) for l h and washed in PBS and that was dehydrated in graded alcohol to 100%. While the sections were still wet, plastic capsules filled with Epon 812 were inverted over the sections [19] . After polymerization of the Epon 812, the slides were heated on a hot plate and the sections were removed from the slides. Fields were chosen for electron microscopic study by examining the light microscopic pictures on a dissecting microscope. Sections were cut on an LKB microtome and examined in a Hitachi H-300 electron microscope without counterstaining with lead citrate. In each specimen, five to seven fields containing more than 60 cells each were chosen for each monoclonal antibody, and identifiable immunoreactive cells in each were scored by an immunohistochemical technique.
Results
A variety of cell types stained for/31 antibodies, including the synovial lining cells, mononuclear cells and endothelial cells of the post-capillary venules (PCV). The overall staining patterns of the cells distributed at the pannus-cartilage junction for/31 integins are shown in Table 2 . Some degree of hyperplasia of the synovial lining cells was observed. When the synovial pannus-cartilage tissue samples were stained with antibodies to VLA-1, VLA-2, VLA-3, VLA-4 and VLA-5, almost all cells of the lining layer showed strong VLA-5 staining (Fig. le) and less strong VLA-3 ( Fig. lc) and VLA-4 (Fig. ld) staining. In agreement with previous reports, the cellular components of the rheumatoid pannus varied in their numbers [1, 2, 5] . The intensity of staining of the endothelial cells (EC) of the PCV in pannus varied, with the VLA-1- (Fig. 2a) , VLA-3- (Fig. 2c) and VLA-5-positive (Fig. 2e) EC showing more intense staining than the VLA-2-and VLA-4-positive EC (Fig. 2) . In the specimens treated with anti-VLA-1 and anti-VLA-2, most of the cells located perivascularly did not show cell membrane staining. However, when the specimens were treated with anti-VLA-3, anti-VLA-4 and anti-VLA-5, most of the small lymphocytes and macrophages showed membrane staining. VLA-5-positive cells were observed in a linear distribution along the border between the synovium and cartilage (Fig. 2) , while only a few cells at the cartilage border showed weak staining with anti-VLA-1 and VLA-2. There was some anti-VLA-1 staining and strong anti-VLA-5 staining on chondrocytes at or close to the pannus-cartilage junction. When the specimen was treated with anti-VLA-5, most of the cells located at the cartilage border showed strong staining with this antibody (Fig. 3) . Although we investigated specimens from 28 patients, the morphological results of the immunoperoxidase technique were varied. Table 2 shows the averaged overall features of adhesion molecule expression.
In the electron microscopic examination, the electrondense materials were observed in a patchy distribution on 55 the cell membrane, and these materials were observed to be in contact with cartilage matrix (Figs. 4 and 5) . The cell membrane of the chondrocytes located at or close to the pannus-cartilage junction also showed strong anti-VLA-5 staining when examined under the electron microscope (Fig. 6 ). ICAM-1-positive cells were observed in a linear distribution along the border between the synovium and cartilage (Fig. 2) . On electron microscopic examination, the staining of the cell membrane of these cells showed either continuous or patchy staining of their cell membrane and they were observed to be in contact with small lymphocytes and fibroblastic cells (Fig. 7) . However, when the specimens were treated with anti-CDl 1 a (LFA-1), only a few cells at the cartilage border showed weak staining.
Discussion
Although the rheumatoid pannus is characterized by increased fibroblast proliferation, the initial triggering factors contributing to pannus formation are still unclear [1, 2, 4, 5, 8] . In a previous study, we have suggested that binding of monocytes and synovial cells to cartilage in the presence of IL-1 could increase their binding to cartilage matrix [11] . Synovial cell attachment to cartilage may be the initial step in pannus formation. In the present study, we investigated the morphological character and distribution of cells expressing adhesion molecules at the synovialcartilage junction. It is likely that the binding of lymphocytes, macrophages and fibroblasts in the synovial pannus to cartilage, as observed in the present experiments, results from an interaction between VLA receptors on these cells and cartilage matrix protein ligands.
Staining patterns of ICAM-1, LFA-1 and VLA were somewhat different. ICAM-1 and VLA staining was widely distributed in the pannus tissue and at the border between the pannus and cartilage. Since ICAM-1 binds to the/32-integrin LFA-1, which is located on mononuclear cells, its role may be limited to the cellular immune reaction occurring in the formation of the pannus [20, 21] . Although a VCAM-1 to VLA-4 interaction [14] may provide an important alternative ligand-ligand interaction type A and ty- pe B synoviocytes in addition to the ICAM-1-LFA-1 interaction, we could not confirm this in the present study due to insufficient data on VCAM-1.
In the present electron microscopic study, ICAM-1 ÷ macrophages and fibroblasts were often observed to be in contact with lymphoid cells. With regard to the increased expression of ICAM-1 on the cells present at the pannuscartilage interface, the evidence that this ligand may interact with ]32 integrin on the macrophages, as suggested by Simmons et al. [22] , suggests the possibility that ICAM-1 may function to facilitate the adhesion of type A cells bearing ICAM-1 to type B cells.
The integrins are a family of ubiquitous cell-surface receptors that bind to extracellular matrix (ECM) protein. These receptors may mediate cellular processes central to tissue morphogenesis, homeostasis and repair [23, 24] . Recent studies have demonstrated an interaction between adhesion molecules of the ]31 group of the integrin supergene family and fibronectin, collagen and laminin of the ECM [13, 14] , and stimulation of synoviocyte proliferation by a reaction between membrane-bound VLA-5 and fibronectin [13, 25, 26] . Rheumatoid synovial tissue is enriched by lymphocytes expressing high level of integrins [25] [26] [27] [28] . Furthermore, in a previous study, we have raised the possibility that VLA-5 may facilitate the growth of the pannus by virtue of its ability to react with fibronectin with resulting proliferation of the synoviocytes of the pannus [3] .
Adhesion molecules are critically important for the binding of inflammatory cells to ECM, such as fibronectin and collagen, via the 131 integrins [29, 30] . The present immunohistochemical study describes the in situ staining patterns of members of the 131 integrin family of molecules on EC of PCV, mononuclear cells, synovial lining cells and the cells bordering the interface between the pannus and the cartilage surface. The endothelium of the PCV in the pannus stained intensely for VLA-1, VLA-3 and VLA-5. This indicated that the density of the 131 integrins on the EC was relatively high, in agreement with previous reports [26, 31, 32] . Our observation that endothelial staining for 131 was more intense in cell-rich pannus areas as compared with fibrous pannus is in keeping with regional differences in the expression of this molecule by the endothelium.
The cells that infiltrate into pannus are made up mainly of fibroblasts, macrophages and lymphocytes. In accordance with the cell-rich areas in the rheumatoid arthritis synovium [33] , pannus contains large numbers of ICAM-1-positive cells [32, 34] , and these cells appeared to be in contact with the cartilage surface. VLA-4 + and VLA-5 + cells were present in large numbers in the pannus, the VLA-2 + cells were only occasionally seen, and VLA-1 + and VLA-3 ÷ cells were usually seen only in small numbers. Thus, it is likely that the tissue distribution patterns of infiltrated cells derived from pannus PCV are influenced by the ECM of the pannus and the ability of the cells to interact with the ECM through cell surface receptor expression. Our present study suggested that VLA-3, VLA-4 and particularly VLA-5 are the predominant/31 integrins expressed by the rheumatoid synovial pannus and, therefore, play the important role in this process.
The increased cartilage-pannus junction staining for VLA-3, VLA-4 and VLA-5, leading to binding to cartilage matrix, may result in activation of the pannus cells. An ICAM-1 and LFA-1 interaction may also stimulate increased/31 expression. Since VLA-3, -4 and -5 all function as fibronectin receptors [35] , it seems likely that the fibronectin-rich environment of the rheumatoid cartilage surface [36] may effectively trap pannus cells expressing high levels of these molecules.
The strong expression of VLA-5 on chondrocytes, as observed in the present electron microscopic study, would suggest that interactions between chondrocytes and fibronectin may occur in the course of pannus formation through the activation of chondrocytes by various cytokines [5, 11, 37] . Many of the known ligands for integrins, including cOllagen, fibronectin, laminin and thrombospondin, are present in articular cartilage. Increased amounts of fibronectin in the pannus-cartilage junction in rheumatoid arthritis has been described [36] , which may be related to an increased de novo synthesis by chondrocytes [38] . However, type II collagen binding proteins, including anchorin, have been identified on chondrocytes. Moreover, the role of integrins in collagen-chondrocyte interactions is, as yet, uncharacterized [23, 39] . Recent studies suggest that certain chondrocyte-ECM interactions may be mediated by integrins [17, 21, 35, 37] . The finding of VLA-5 molecules in a pericellular and also an interterritorial matrix distribution in the present study strongly suggests that a receptor-ligand interaction between VLA-5 and cartilage matrix may occur at the early stage of pannus formation. This also suggests the existence of an activation-mediated regula- Original magnification x 7,000 (CA cartilage, Ly small lymphocyte, Mp macrophage) tory mechanism of the VLA-fibronectin interactions at the pannus site.
